The parafascicular nucleus (Pf) receives cholinergic input from the pedunculopontine 24 nucleus, part of the reticular activating system involved in waking and REM sleep, and sends 25 projections to the cortex. We tested the hypothesis that Pf neurons fire maximally at gamma 26 band frequency , that this mechanism involves high threshold voltage-dependent 27 P/Q-and N-type calcium channels, and that this activity is enhanced by the cholinergic agonist 28 carbachol (CAR). Patch-clamped 9-25 day rat Pf neurons (n=299) manifested a firing frequency 29 plateau at gamma band when maximally activated (31.5±1.5 Hz), showed gamma oscillations 30 when voltage-clamped at holding potentials above -20 mV, and the frequency of the oscillations 31 increased significantly with age (24.6±3.8 Hz vs 51.6±4.4 Hz, p<0.001), but plateaued at 32 gamma frequencies. Cells exposed to CAR showed significantly higher frequencies early in 33 development compared to those without CAR (24.6±3.8 Hz vs 41.7±4.3 Hz, p<0.001), but 34 plateaued with age. The P/Q-type calcium channel blocker ω-Agatoxin-IVA (ω-Aga) blocked 35 gamma oscillations, while the N-type blocker ω-Conotoxin-GVIA (ω-CgTx) only partially 36 decreased the power spectrum amplitude of gamma oscillations. The blocking effect of ω-Aga 37 on P/Q-type currents and ω-CgTx on N-type currents was consistent over age. We conclude 38 that P/Q-, and N-type, calcium channels appear to mediate Pf gamma oscillations during 39 development. We hypothesize that the cholinergic input to the Pf could activate these cells to 40 oscillate at gamma frequency, and perhaps relay these rhythms to cortical areas, thus providing 41 a stable high frequency state for "non-specific" thalamocortical processing. 42 43 44
8 recording. The calcium channel blockers were purchased from either Peptide International 168 (Pepnet.com) or Alomone labs (Alomone.com). We used ω-agatoxin-IVA (ω-Aga, 200 nM), a 169 specific P/Q-type calcium channel blocker, and ω-conotoxin-GVIA (ω-CgTX, 2.5 μM), a specific 170 N-type calcium channel blocker, to confirm the calcium channel subtypes mediating both 171 gamma oscillations and calcium currents. 172
Data Analysis 173
Off-line analyses were performed using Clampfit software (Molecular Devices, 174
Sunnyvale, CA). Comparisons between groups were carried out using either Student's t-test or 175 one-way ANOVA, with Bonferroni post hoc testing for multiple comparisons. A repeated-176 measures ANOVA model was fit for each response using SAS Proc Mixed software (SAS 177
Institute, Inc, Cary, NC), and the Bonferroni test was again employed to control for multiple 178
comparisons. t values and degrees of freedom were reported for all linear regression ANOVAs. 179
Differences were considered significant at values of p ≤ 0.05. All results are presented as mean 180 ± S.E.M. 181
182

Results 183
Whole-cell patch-clamp recordings were performed on a total of 299 Pf neurons, 184 localized as previously described (Ye et al. 2009 ). The cells were recorded immediately anterior 185 or posterior to the middle third of the fasciculus retroflexus, which are easily identified in sagittal 186 sections (Fig. 1A, 1B) . Without exception, all cells were spindle-shaped with bipolar dendrites 187 as previously described (Ye et al. 2009 ). We did not sample more laterally located cells with 188 bushy dendrites (more easily seen in coronal sections) because some authors believe they are 189 part of the CL (Beatty et al. 2009 ), and their appearance is closer to that of "specific" thalamic9 neurons. We first identified Pf neurons according to the presence or absence of LTS currents 191 using hyperpolarizing current steps ( n=18; one-way ANOVA; p=0.44). We then studied the firing frequency of Pf neurons during 195 depolarizing steps in the presence of fast synaptic blockers (APV, 40 μM; CNQX, 10 μM; STR, 196 10 μM; and GBZ, 10 μM). This study was followed by investigation of the effects of current 197 ramps on membrane oscillatory properties in the presence of fast synaptic blockers and TTX. 198
Since Pf neurons receive cholinergic input from mesopontine nuclei, we also studied the effects 199 of CAR on membrane oscillatory properties. Finally, we pharmacologically characterized the 200 channel types responsible for the generation of these oscillations. 201
Firing properties of Pf neurons 202
To determine the maximal firing frequency of Pf neuron APs, we used steps of 203 increasing current amplitudes in current clamp mode. This protocol applied nine 500 msec 204 duration current steps with an increase of 20 pA for each step and a 10 sec inter-step interval 205 up to the final step of 180 pA ( Fig. 2A, B ). During the current steps, neurons were depolarized 206 and fired APs when above AP threshold. We measured the interspike intervals (ISI) between 207 the first two, the middle two (approximately around 250 msec from the beginning of the step), 208 and the last two APs during each current step, and converted them to frequency ( Fig. 2A, B) . In 209 addition, the average firing frequency during the entire step was calculated. All Pf neurons had 210 a characteristic pattern of firing during specific depolarizing steps. The 140 pA step is an 211 example of the induced firing frequency using higher current steps ( Fig. 2A) , and also marks the 212 beginning of the plateau effect on firing frequency. Note the shorter ISIs at the beginning 213 compared to the middle or the end of the depolarizing step. We also analyzed other 214 characteristics of Pf neurons (AP amplitude, AP half-width, input resistance, and resting 215 membrane potential), which were similar to those previously reported (Ye et al., 2009) (see 216   Table 1) . 217
A graph of the average AP firing frequency during the beginning (■), middle (•) and the 218 end (▲) of each current step was generated for all Pf neurons (n=35) included in this particular 219 experiment (Fig. 2B) . The AP firing frequency increased with increasing amplitude current 220 steps. However, the firing frequency plateaued at gamma frequency, and no higher, during the 221 higher amplitude depolarizing steps (140-180 pA). At the 180 pA step, the cells fired at 222 46.2±2.4 Hz at the beginning of the step. Following this initial peak in firing frequency, the firing 223 rate of these neurons decreased during the middle and at the end of the stimulus, but the firing 224 rate remained within the beta/gamma range [24.8±0.9 Hz for the middle ISI and 22.5±0.8 Hz for 225 the last ISI]. The average overall firing frequency throughout the 180 pA step was in the gamma 226 range (35.1±1.5 Hz). One-way ANOVA was performed to compare the firing frequency at 227 different steps compared to baseline (spontaneous APs at the resting membrane potential 228
showed an average frequency of 0.9±0.3 Hz, note that most cells did not show spontaneous 229 activity, so that this mean is for only those that did show some activity, n=2). Statistical 230 significance was found across all the ISIs at all depolarizing steps (p<0.05). 231
In our previous study on the firing properties of PPN neurons (Simon et al. 2010 ), we 232
showed that some cells accommodated at very high depolarizing steps (maximal step 270 pA). 233
Their APs were significantly reduced in amplitude or completely disappeared and were replaced 234 by small amplitude oscillatory activity. In this study, we observed the same phenomenon (Fig.  235 2C, middle record) using five pyramidally arranged depolarizing steps (50 pA, 150 pA, 500 pA, 236 150 pA and 50 pA) applied 10 sec apart in another group of cells (n=19). The second step (150 237 pA) was in the same current amplitude range as the depolarizing steps shown in Fig. 2A (140  238 pA). The firing frequency at these steps was characteristic of the firing pattern of Pf neurons 239 observed in the group of cells described above using nine current steps. However, during the 240 middle step (500 pA) the APs were almost abolished, except for the one at the beginning of the 241 step. Interestingly, this high level of depolarization revealed oscillatory activity during the rest of 242 the step similar to that previously reported in the PPN (Simon et al. 2010) . A magnified view of 243 these oscillations is shown in the dashed square above the middle step. Importantly, the 244 descending amplitude depolarizing steps (150 and 50 pA, respectively) revealed that Pf neurons 245 again manifested normal APs and firing frequency, suggesting that the high level of 246 depolarization had not killed or damaged the cells. All Pf neurons used in this five-step 247 experiment showed the same characteristics of firing (n=19). 248
Finally, the firing frequency of APs was compared across age groups (Fig. 2D) . One-249
way ANOVA was used to compare 9-12 to 17-25 day old cells (Fig. 2D) between these two age groups. Also, there was no statistically significant difference in the AP 255 mean frequencies between 9-12 vs 13-16 vs 17-25 day cells (data not shown). 256
Depolarizing ramps generated gamma band oscillations in all Pf neurons in the presence of TTX 257
We tested the hypothesis that, in the presence of fast synaptic blockers and TTX, the 258 remaining oscillatory activity observed in Pf neurons during current clamp square pulse 259 depolarization was due to the activation of voltage-dependent calcium channels. Because of 260 the extensive and rapid activation of potassium channels during depolarization, Pf neurons 261
could not be depolarized beyond -20 mV using current steps. Therefore, we chose to use 1 sec 262 long depolarizing current ramps to gradually change the membrane potential from resting values 263 up to 0 mV. In the presence of fast synaptic blockers and TTX (see Methods), square pulses 264 generated smaller amplitude (and power of) oscillations (Fig. 3A and B, red records) compared 265 to the amplitude and power of the oscillations generated by current ramps in the same cell ( Fig.  266   3A and B, blue records). Therefore, we continued using current ramps to characterize the 267 oscillatory properties of Pf cells in the rest of the experiments. Statistical analysis showed that 268 the power spectrum amplitude of the oscillations generated by the ramps was significantly 269 higher than that generated by the current steps [n=42, df=97, t=7.6, p< 0.001] (Fig. 3B) . 270
Oscillations were visible between -20 mV and -5 mV somatic membrane voltage range, and 271 were absent at membrane potentials below -20 mV or above 0 mV. Power spectrum analysis of 272 the membrane oscillations induced during ramp recordings revealed that 60% of the cells (32 273 out of 53) exhibited the highest peak of oscillatory activity at the gamma range (30-60 Hz), while 274 some (38%, or 21 out of 53) cells had the highest peak at beta (12-29 Hz, n=20) or alpha (8-11 275 Hz, n=1) frequency ranges (Fig. 3C) . However, those cells showing frequencies below gamma 276 band were typically at early ages (see below). 277
In another group of cells tested, we found that 66% (n=35) of the cells recorded had LTS 278 currents, and 34% (n=18) did not. Interestingly, further analysis of their oscillatory properties 279 revealed that LTS currents had no effect on the amplitude of the oscillations at any frequency 280 range, from theta (p=0.56) through gamma (p=0.40) (Fig. 3D) . Furthermore, statistical analysis 281 of the average oscillatory frequency (Fig. 3E ) showed no significant difference (p=0.71) between 282 cells with LTS (+LTS, 35.5±2.9 Hz) and cells without LTS (-LTS, 33.7±3.2 Hz). These data 283 suggest that T-type calcium channels do not play a significant role in the manifestation of the 284 high-threshold oscillatory activity of Pf neurons. 285
Using voltage clamp mode, we determined whether gamma band oscillations could be 286 observed when the holding potential was varied from -30 mV to -10 mV (using 1 sec-long 287 depolarizing steps). Moreover, using voltage clamp, more positive membrane potentials were13 reached using steps, thus surpassing the -20 mV limit observed in our current clamp recordings 289 (see e.g. the response to a square step shown in Fig. 3A ). In our initial experiments, the holding 290 potential was set at -50 mV (close to the observed Pf neuron average resting membrane 291 potential), and voltage steps were applied to reach holding potentials ranging from -50 to 0 mV. 292
No clear oscillatory currents were observed at holding potentials below -30 mV (Fig. 3F, black  293 record). However, clear oscillations at alpha and beta ranges were observed in the power 294 spectra at both -20 mV and -10 mV, and at gamma range at -10 mV holding potentials (Fig. 3F,  295 orange record, and green record, respectively). Power spectra showed voltage dependence for 296 a broad range of frequencies including alpha, beta and gamma band frequencies (Fig. 3G) . The 297 highest gamma band power amplitudes were observed at a -10 mV holding potential (n=29). 298
The power spectrum analysis for 9-12 days old cells showed that the average amplitudes of the 299 oscillations at -10 mV were significantly higher than at -30 mV [p=0.02; t=-2.7;df=13;n=14] ( between the three holding potentials was observed in the other two age groups (data not 307 shown). However, unlike amplitude, the frequency of the oscillations was age-dependent. At 308 the -10 mV holding potential, the 17-25 (73±7 Hz) age group had higher average frequency of 309 oscillations compared to the 9-12 (31±3 Hz), and 13-16 (39±6 Hz) age groups (p<0.001, p=0.01, 310 respectively). That is, the average frequency of the oscillations increased by 26% between 9-12 311 and 13-16 days, while the total increase in average frequency from 9-12 to17-25 day old 312 animals was 135%. At the -20 mV holding potential, the 17-25 (47±4.3) age group had a higher14 average frequency of oscillations compared to the 9-12 (22±2 Hz), and 13-16 (23±4 Hz) age 314 groups (p<0.001, p=0.003, respectively). Therefore, the average frequency of the oscillations 315 increased by 5% between 9-12 and 13-16 days, while the total increase in average frequency 316 from 9-12 to17-25 day old animals was 114%. Finally, at the -30 mV holding potential, the 17-317 25 (36±4 Hz) age group had a higher average frequency of the oscillations compared to the 9-318 12 (16±1 Hz), and 13-16 (16±2 Hz) age groups (p<0.001, p=0.002, respectively). The average 319 frequency of the oscillations at this holding potential did not increase from 9-12 to 13-16 days, 320 while the total increase in average frequency from 9-12 to17-25 day old animals was 125%. 321
The amplitudes of the peaks in the power spectrum were reduced after series resistance 322 compensation (40-60%; i.e., to reduce any space clamp problems), suggesting that Pf neuronal 323 oscillatory activity in voltage clamp was generated in neuronal compartments distant from the 324 soma, as previously shown for "specific" thalamic relay neurons (Pedroarena and Llinas 1997) . 325
That is, somatic voltage-clamp ramps allowed distal calcium and/or potassium channels to open 326 and, therefore, were able to modulate gamma band activity recorded by the somatic pipette. 327
Effects of carbachol on Pf neuronal oscillations 328
In our previous study on postsynaptic responses of Pf neurons exposed to CAR, we 329 observed that 93% of Pf neurons responded to CAR (Ye et al. 2009 ). In the present study, we 330 wanted to determine if CAR (30 µM) superfusion had an effect on the frequency of the ramp-331 induced oscillations in single Pf neurons. We used 1 sec ramp protocols as described above, 332 and the same extracellular solution containing fast synaptic blockers and TTX. CAR was 333 continuously circulated in the bath solution. We recorded a group of 34 neurons of different age 334 groups and compared their responses to those of cells recorded without CAR. Our results 335
showed that cells exposed to CAR manifested higher frequencies of ramp-induced oscillations. 336
We divided the cells into three developmental groups (P9-12, P13-16, and P17-25) that showed 337 differences in the frequency of oscillations in response to CAR (Fig. 4) . Representative 338 recordings from the first group (P9-12) are shown in Fig. 4 A and B (No CAR, blue record; with 339 CAR, red record). In both cells, the highest amplitude oscillations were observed at ~ -20 mV. 340
The power spectrum of these records shows that the frequency of oscillations in the presence of 341 CAR (red, 42 Hz) was higher than the frequency of oscillations in the same age cell without 342 CAR (blue, 27 Hz) (Fig. 4C ). In addition, we analyzed the average oscillatory frequency of all 343 recorded cells in this age group (P9-12). The graph in Fig. 4D shows the distribution of 344 oscillatory frequencies for all recorded cells without CAR (blue dots, n=20) and with CAR (red 345 dots, n=17). Statistical analysis revealed that, during ramps, all cells exposed to CAR fired at (Fig. 4K) . However, when we analyzed the oscillatory frequencies of all the cells in this age 359 group, we found that there was no statistical difference between the CAR treated (n=6) and 360 CAR untreated (n=12) cells (Fig. 4 M) [One-way ANOVA; df=17, t=1.1, p=0.31]. Interestingly, 361 CAR had no effect on the amplitudes of the oscillations at any age group [P9-10: df=36, t=0.6, 362 neurons, their maximal oscillatory frequency begins at lower ranges (alpha and beta), and 367 gradually plateaus at gamma range with age (Fig. 4 N, blue line) . However, CAR could 368 increase the firing frequency of younger cells to the gamma range, but their frequency would 369 eventually plateau within the gamma range, but no higher (Fig 4N, red line) . In the oldest age 370 group, CAR did not significantly increase frequency beyond the gamma range. 371
Effects of specific calcium channel blockers on Pf neuronal oscillatory activity 372
The range of membrane potentials at which gamma band oscillations were observed in 373 the Pf nucleus overlapped with that of high-threshold voltage-dependent calcium channel 374 activation voltages described in the cortex and thalamus (Llinas 1988 ; Caterall 1998; Hille 375 2001). Therefore, we studied the effects of both ω-agatoxin-IVA (ω-Aga, a P/Q-type calcium 376 channel blocker, 200 nM) and ω-conotoxin-GVIA (ω-CgTX, a N-type calcium channel blocker, 377 2.5 μM) on a total of 35 Pf neurons. The P/Q-type channel blocker ω-Aga totally abolished 378 gamma band oscillations (n=7). Fig. 5A shows control-black record, blockade-gray record, and 379 recovery-black record of oscillations in a representative neuron. Fig. 5B shows the power 380 spectrum of the oscillations during control-black line, blockade-gray line, and recovery-black 381 line. The effect of the toxin was reversed during washout (black record), which consisted of the 382 same extracellular solution as in the control condition, including fast synaptic blockers and TTX. 383
Moreover, bath pre-application (>30 min) of ω-Aga prevented Pf neurons from oscillating at 384 higher frequencies (n=2). Interestingly, the N-type blocker ω-CgTX only reduced gamma band 385 oscillation amplitude as evident in the power spectrum (Fig. 5 C and D; n=8; gray record) . The 386 ω-CgTX effect was also reversed during washout (black record) and the amplitude of gamma 387 band oscillations returned to almost the same level as in the control. Bath pre-application of ω-388
CgTX did not prevent Pf neurons from oscillating. However, the amplitude of those oscillations 389 was significantly lower than in control conditions (n=12) [One-way ANOVA; df=58, t=-2.2, 390 p=0.03]. These results showed that both voltage-dependent P/Q-and N-type calcium channels 391 may mediate the depolarizing phase of gamma band oscillations in the Pf nucleus. However, 392 only P/Q-type channels appeared to be essential for gamma band oscillation generation. The 393 specific calcium channel blockers had the same type of blocking effect on Pf neuron oscillatory 394 activity regardless of age. Furthermore, ω-Aga blocked the CAR enhanced ramp-induced 395 oscillations (n=5). This finding strengthens the argument that P/Q-type calcium channels play a 396 crucial role in the oscillatory behavior of Pf neurons. 397
Characterization of high-threshold calcium channel types present in Pf neurons 398
In order to evaluate the subtypes of high-threshold calcium currents present in Pf 399 neurons, depolarizing voltage square pulses were employed in combination with high 400
Cesium/QX-314 in the intracellular pipette solution and bath-applied fast synaptic receptor 401 blockers (see Methods) using slices from three developmental age groups: P9-12, P13-16 and 402 P17-25. We pursued the characterization of high-threshold calcium channel types in a total of 403 124 Pf neurons, studying the currents mediated by P/Q-and N-type calcium channels in these 404 neurons. Calcium currents were recorded 2-4 min after gaining access to the neuronal 405 intracellular compartment, to allow proper delivery of intracellular solution into all neuronal 406 compartments thus decreasing space clamp problems. Recording of calcium currents lasted for 407 more than 30 min without significant rundown. The holding potential was initially clamped at -70 408 mV and then depolarized up to 20 mV, using 150 msec square voltage steps. Clear T-type 409 calcium currents were observed in 74 % of Pf neurons studied in all three age groups. T-type 410 calcium currents were manifested as a depolarizing membrane shift during 150 msec square 411 pulses from -70 mV to -40 mV (Fig. 6A , left, black line), while they were totally inactivated at 412 holding potentials of -50 mV and higher ( Figure 6A, left, red line) . On the other hand, high-413 threshold currents peaked at -10 mV and showed a typical long-lasting current when Pf cells 414 were depolarized from holding potentials of -70 mV (Fig. 6A, right, black line) , presenting only a 415 slight inactivation at holding potentials of -50 mV (Fig. 6A, right, red line) . High-threshold 416 currents were abolished by the simultaneous application of ω-agatoxin-IVA (ω-Aga-IVA, a P/Q-417 type calcium channel blocker, 200 nM) and ω-conotoxin-GVIA (ω-CgTX-GVIA, a N-type calcium 418 channel blocker, 2.5 μM), leaving the T-type currents unaffected (Fig. 6B) . These results 419 confirmed that both P/Q-and N-type were mediating high threshold calcium currents in Pf 420 neurons in all age groups. P/Q-and N-type, but not T-type, channels were clearly activated at 421 holding potentials above -50 mV, confirming that high-but not low-threshold calcium channels 422 mediate gamma band oscillatory activity of Pf cells when depolarized above -50 mV. 423
Current-Voltage (I-V) curves were obtained for both T-type and high-threshold current 424 components. We plotted current density values (pA/pF) against voltage measured at the 425 beginning and at the end of square steps (Fig. 6B, right, open and filled circles, respectively) . 426 Fig. 6C shows the I-V curve of calcium currents recorded from Pf cells at 9-12 days. T-type 427 mediated currents peaked at -40 mV while high-threshold P/Q-and N-type mediated currents 428
presented maximum values at -10 mV holding potential. Average current density values for the 429 three age ranges were significantly different (Table 2) . Calcium current density at -40 mV and -430 10 mV from Pf cells at 13-16 days were similar to those recorded at 17-25 days, which allowed 431 us to pool these age groups into a new 13-25 day group (Table 2) . Interestingly, the peak 432 (holding potential -40 mV) T-type current density values were significantly increased after 433 postnatal day 12, without affecting the peak density of P/Q-and N-type currents (Table 2) . 434
Indeed, average I-V values from 13-25 day Pf cells showed an increase in T-type current 435
density without changing high-threshold current density (Fig. 6D) . 436 Table 3 summarizes the results obtained across the three age groups for the frequency 437 of AP firing during current steps compared to the frequency of ramp-induced oscillations and 438 ramp-induced oscillations following CAR exposure. Briefly, the frequency of AP firing in Pf cells 439 at the beginning of the current steps was 46-55 Hz (gamma), but decreased to 23-24 Hz (beta) 440 during the remainder of the step. Taken together, the mean frequency of firing induced by steps 441 across the entire step was 31-36 Hz (gamma). These data show that the only significant 442 change over age was the initial AP frequency (46 vs 55 Hz). The application of ramps resulted 443 in a mean frequency of oscillations of 24-51 Hz, which significantly increased with age (from 444 beta to gamma). The effects of CAR on ramp-induced oscillations resulted in frequencies of 41-445 59 Hz (gamma). These data showed that CAR increased the frequency of ramp-induced 446 oscillations at the two earlier ages, but not in the oldest animals since the ramp-induced 447 oscillation frequency in older animals had plateaued, and CAR was unable to drive the 448 frequency above 60 Hz. 449
In order to determine the proportion of P/Q-and N-type calcium channels mediating 450 calcium currents in Pf neurons, we bath applied the specific calcium channel blockers ω-Aga 451 (200 nM) and/or ω-CgTX (2.5 μM) (both individually and combined) during calcium current 452 recordings using -10 mV square steps. A maximal effect of the toxins was usually achieved 453 after 15 min of continuous superfusion. Both ω-CgTX and ω-Aga reduced high-threshold 454 calcium currents in Pf neurons at both 9-12 day (Fig. 6E , black bars) and 13-25 day (Fig. 6F,  455 green bars) cells. The combination ω-CgTX + ω-Aga abolished calcium currents in all cells of 456 both age groups (Fig. 6E, F) . Importantly, a lower percentage induced calcium current was 457 observed in 9-12 day compared to 13-25 day Pf neurons when using ω-CgTX (Fig. 6E, F; 
20
Student's t-test, n=18, df=7, t=2.8, p=0.03), and when using ω-Aga (Figure 6E , F; Student's t-459 test, n=21, df=10, t=2.7, p=0.02). The combination of ω-CgTX+ ω-Aga had a similar blocking 460 effect in both age groups (Fig. 6E, F; Student's t-test, n=17; df=14, t=0.2, p=0.88) . In 461 conclusion, our results suggest a dual contribution of both high-threshold P/Q-and N-type 462 calcium channels to the total calcium currents in Pf cells at depolarized membrane potentials. 463
464
Discussion 465
In the present study, we found that Pf neurons fired at gamma band frequency, but no 466 higher, when maximally activated, and manifested the intrinsic membrane properties that allow 467 them to oscillate at these frequencies. These oscillations appeared to be calcium channel-468 dependent, plateaued at higher frequencies within the gamma band range later in development, 469 and ramp-induced oscillations at these frequencies could be increased by the non-specific 470 cholinergic agonist CAR, but only at earlier ages. That is, CAR did not increase the already 471 plateaued maximal firing frequency above gamma band in the oldest cells studied, suggesting 472 that CAR may accelerate the manifestation of higher gamma band oscillatory activity by Pf cells 473 during development. Moreover, the mechanism behind the generation of these oscillations 474 appears to involve high-threshold voltage-dependent P/Q-and N-type calcium channels. This is 475 the first time such physiological characteristics have been described in Pf neurons. The 476 significance of these findings is amplified in light of recent discoveries of similar oscillatory 477 mechanisms in the PPN and the SubCD nuclei, both part of the reticular activating system 478 (RAS). There is now little doubt that a number of nuclei in the RAS have the ability to manifest 479 gamma band activity, similar to that reported in cortical, hippocampal, thalamic, and cerebellar 480
cells. 481
In the striatum, subthalamic nucleus, and prefrontal cortex, depolarizing current steps 482 . 2010) . In this study, we showed that when Pf neurons are 486 depolarized using increasing amplitude current steps, they fired initially at higher frequency 487 within the gamma band, but the firing frequency slowed and plateaued in the beta range (Fig.  488   2B) . However, the average firing frequency for the entire step plateaued in the gamma range 489 Our five-step pyramidal experiments (Fig. 2C) showed that oscillatory activity replaced 496 AP firing during high amplitude depolarizing steps, similar to that observed in PPN neurons 497 (Simon et al. 2010) . Thus suggesting that the mechanism behind similar plateau frequencies 498 observed is related to the fact that gamma oscillations can drive AP generation by depolarizing 499 membrane potential towards AP threshold, as previously described for "specific" thalamic 500 neurons (Pedroarena & Llinas, 1997) . The fact that the membrane potential of Pf cells can 501 oscillate at tha gamma band range when P/Q-type channels were blocked suggests that N-type 502 channels might act as an additional "security factor" to reliably generate AP discharge at such a 503 high frequency range. Current steps, however, were unable to drive the membrane potential to 504 sufficiently depolarized levels, probably due to the activation of potassium channels (above -20 505 mV from a holding potential of -50 mV). Moreover, recent studies have shown high amplitude 506 22 afterhyperpolarization in different thalamic neurons (Zhang et al. 2009 ). This potential property, 507 as well as the activation of potassium channels, may have prevented square steps from 508 reaching a membrane potential at which high-threshold oscillations could be observed. 509
Additional current was needed to reach such membrane potential levels such as those attained 510 when using ramps, as previously reported for PPN neurons ). In the 511 natural condition, depolarization, probably mediated by sodium channel-dependent APs 512 appears to be responsible for spreading the membrane depolarization needed to open high-513 threshold calcium channels. Consequently, under our experimental conditions, it can be 514 expected that, using ramps, neurons voltage-clamped above -20 mV might show oscillatory 515 activity. Our results indeed show that the membrane potential has to reach ~-20 mV at the cell 516 body and above for the high-threshold P/Q-type channels to open. Since we had to voltage 517 clamp Pf neurons above -20 mV (above expected) in order to observe the oscillations, we 518 suggest that these oscillations may occur in distal neuronal compartments such as the 519 dendrites. This would be similar to the oscillations observed in "specific" TC relay neurons, 520 which were visualized in the dendrites using calcium imaging (Pedroarena and Llinas 1997) . 521
Although it is impossible to determine the actual membrane potential of the dendrites without 522 actually clamping them (voltage clamp of small dendrites would lead to rapid dialysis of the 523 intracellular domain), their membrane potentials are possibly much lower than the -20 mV 524 threshold induced at the soma, due to the accumulated membrane capacitance between the 525 electrode and these dendritic compartments. Indeed, such levels of change in power were 526 partially reduced after series resistance compensation. Therefore, the real threshold for these 527 oscillations is probably much lower and closer to physiological values. Importantly, voltage 528 clamp experiments showed that calcium currents mediated by both P/Q-and N-type channels 529 peaked at a holding potential of -10 mV (Fig. 3) , consistently with the range of membrane 530 potentials in which gamma band oscillations were evident (Fig. 4) . recorded immediately adjacent to the fasciculus retroflexus exhibited low incidence (~20%) of T-547 type currents compared to "specific" thalamic neurons (Llinas and Steriade 2006) . In the 548 present study of calcium currents, we found a much higher incidence (66%) of these currents, 549
suggesting that the threshold for eliciting these currents may be higher than usual, preventing 550 their manifestation using simple hyperpolarizing steps as in previous studies. 551
Our data show that oscillatory activity plateaued in the gamma band range in older 552 animals (17-25 days), which is also the period when the largest developmental decrease in 553 REM sleep starts to level off at the adult REM sleep levels (Jouvet- Mounier et al. 1970 ). This is 554 likely the period when high threshold calcium channels are expressed sufficiently to enable Pf 555 neurons to oscillate at high frequencies. Moreover, we showed that CAR could significantly 556 increase the frequency of the ramp-induced oscillations of younger neurons, while it did not 557 affect the, presumably already capped, frequency of older neurons. These results suggest that 558 younger cells may need higher CAR-induced membrane potential depolarization to reach high 559 frequency gamma oscillations readily observed in older cell groups. In this sense, resting 560 membrane potential and calcium current density increased during development (see Tables 1 &  561 2, respectively). Thus, CAR may still induce depolarization towards high threshold calcium 562 channel opening in older Pf cells, but its subtle effects might be not be quantifiable using strong 563 depolarizing current ramps. Muscarinic and nicotinic cholinergic receptors are involved in 564 higher cognitive functions including synaptic plasticity and memory processes known to involve 565 possible that modulation of these signaling pathways induced by CAR may be responsible for 571 the increase in average frequency of oscillatory activity we observed with age. 572
High-threshold voltage-gated calcium channels require high membrane potentials to be 573 reached in order for them to allow calcium into the cell. P/Q-type calcium channels are present 574 throughout the brain (Hillman et al. 1991; Uchitel et al. 1992 ). These channels are found on the 575 dendrites of bushy "specific" TC cells where they support gamma band oscillations (Pedroarena 576 and Llinas 1997). These authors were able to visualize calcium transients in the distal dendrites 577 upon somatic injection of depolarizing current (in current-clamp mode), and, therefore, 578 demonstrated that the P/Q-type currents were probably in the dendritic tree of these cells. This 579 accounts for the "high threshold" nature of the channels since the soma needs to be depolarized 580 to high levels that may not be considered physiological, but the membrane potential at the 581 dendrites is probably within physiological range. Pedroarena and Llinas (1997) also used 582 barium as a current carrier showing greater amplitude of subtreshold gamma band oscillations 583 of the membrane potential. Since barium blocks delayed rectifier K+ channels, among others, 584 these authors suggested the opening-closing transitions of P/Q-type calcium channels and 585 potassium channels might account for the generation of gamma oscillations in TC relay 586
neurons. 587
In our previous study, using the same methods, we conclusively demonstrated that P/Q-588 type calcium channels play a major role in the generation of the rising phase of gamma band 589 oscillations in PPN neurons ). Here, we report that long sparsely 590 branching neurons of the Pf nucleus that receive cholinergic input from PPN neurons, manifest 591 P/Q-type channel-dependent gamma band oscillatory activity using whole cell patch clamp (in 592 both current and voltage clamp experiments). Moreover, we show that N-type calcium channels 593 play a role in these oscillations, similar to the kind of membrane properties reported for PPN 594 neurons . From a biophysical point of view, opening of both calcium 595 channels (mostly P/Q, but also N-type) and delayed rectifier K+ channels was required to reach 596 membrane potential oscillatory activity in the gamma band range for both PPN (Kezunovic et al., 597 2011) and Pf neurons (this work). This suggests that, unlike "specific" TC relay neurons, the 598 PPN and Pf might have a dynamic mechanism of interaction between the opening of calcium 599 and potassium channels. Additional experiments are needed to determine the distribution of 600 these high threshold calcium channels and delayed rectifier-like potassium channels during the 601 development of Pf neurons, and to determine their exact anatomical locations. However, clear 602 evidence is provided in this study showing that both P/Q-and N-type calcium channels mediate 603 high-threshold calcium currents in Pf neurons. Moreover, a higher proportion of P/Q-type 604 channels (i.e., manifested as a higher percentage of current blockade by ω-Aga) vs. N-type 605 channels, might also explain why gamma band oscillation power increased with age. Such a 606 developmental switch from N-to P/Q-type channels has been previously described for other 607 structures in the brainstem (Iwasaki and Takahashi 1998) , and throughout the brain (Iwasaki et 608 al. 2000) . Thus, our results strongly suggest that P/Q-type channels in "non-specific" Pf 609 neurons play a key role in gamma band generation during development, similar to "specific" 610 thalamic relay neurons (Llinas et al. 2007) . 611
The centremedian-parafascicular (CM/Pf) complex of the thalamus (in rodents mostly 612 nuclei named, in which every cell in every nucleus exhibits beta/gamma band activity, may have 646 a role in maintaining overall beta/gamma activity. We speculate that it is the continued 647 activation of the RAS during waking that allows the maintenance of the background of gamma 648 activity necessary to support a state capable of reliably assessing the world around us on a 649 continuous basis. 650
The present findings provide novel insights into the function of the Pf, demonstrating that 651 this element of the RAS generates gamma band oscillatory activity in the presence of sufficient 652 excitation. We suggest that, rather than participating in the temporal binding of sensory events, 653 gamma band activity generated in the Pf may help stabilize coherence related to arousal, 654 providing a stable activation state during waking, and relay such activation to the cortex, which 655 thus participates in "non-specific" thalamocortical processing. Much work is needed to support 656 this speculation, but the intriguing findings described here certainly provide a starting point for 657 such investigations. These results may have implications for studies of arousal and anesthesia, 658
suggesting that this subcortical region preferentially fires at gamma band frequencies, and may 659 be directly modulated by stimulants and anesthetics. holding -10 mV: all comparisons with group I were not significant, n.s.) 
